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Introduction
The three-dimensional structure of carbohydrates and their interactions with proteins 1 play important roles in regulation of biochemical processes. One class of highly complex carbohydrates is glycosaminoglycans (GAGs) being constituents of proteoglycans. 2 Xylopyranosides, bearing a hydrophobic aglycone, can act as an acceptor in the biosynthesis of GAGs in cells, with different results depending on the aglycone, celltype, and the substitution pattern of the xyloside. 3 We have previously reported on the conformational properties of XylNap (1) (Fig. 1) , with a 2-naphthyl aglycone, in methanol-d 4 (ref. 3 ) and a wide range of other deuterated solvents, 4 where it displayed a conformational dependence on the polarity and hydrogen bond accepting ability of the solvents. Solvents of low polarity and low hydrogen bond accepting ability induced conformational transformations from the otherwise preferred 4 C 1 conformation to the 2 S O and 1 C 4 conformations, with a maximum of ∼20% of the 1 C 4 conformation in chloroform, benzene, and toluene. An intramolecular hydrogen bond was detected with the HO2 hydroxyl proton as the donor and an electronegative substituent (F or OH) on C4 as an acceptor; this interaction was suggested to stabilize the 1 C 4 conformation. It was observed that the 3-deoxy-compound (2) resides in equal amounts of the 4 C 1 and 1 C 4 conformations in methanol solution at 37°C, in stark contrast to the other substances in the study. 3 In a subsequent study of the 3-C-methylated compounds 3 and 4 in methanol-d 4 solution, an increased conformational flexibility was observed, compared to 1. 5 Compound 3 was the most flexible of the two, due to the larger 1,3-diaxial interactions arising from the methyl group in the 4 C 1 conformation of 3 compared to that of the hydroxyl group in 4. Herein, we elaborate further on the effects of the stereochemistry and substituents at C3 on the conformation of xylopyranoside derivatives (Fig. 1 ).
Results and discussion
1 H NMR spectra of compounds 1-5 in chloroform-d solution at 37°C were recorded and resonances assigned; NMR assignments were also carried out for compound 5 in methanol-d 4 solution. Scalar couplings were extracted through NMR spin simulation 6 and 13 C NMR data were also acquired for some of the compounds (Table 1 ). The resulting coupling constants were fitted to coupling constants calculated from the Haasnoot-Altona equation 7 is highly favored, strong inter-nuclear correlations were observed from the methyl group to the H1 and H5 pro-S atoms 5 ( Fig. 2d) , none of which were observed in chloroform-d solution, further underlining the conformational dependence on solvent properties. In compound 4, NOE correlations from the methyl group to the H2 and H4 atoms ( Complementary to the NOE-based information for compound 3 in chloroform-d solution, chemical shift information and scalar coupling data are also illustrative. The 1 H NMR chemical shift for the hydroxyl proton HO3 is unusually high, δ H 3.63, which may be compared to that of the 4-fluoro-4-deoxy-β-D-Xylp-Nap derivative, having δ H 2.92 being present to 26% in the 1 C 4 conformation. 5 In this compound, an F4⋯HO2 hydrogen bond was proven by J F4,HO2 = 2 Hz; At this point, we turned to a higher magnetic field strength of 18.8 T, which enabled extension of the above dynamic NMR (DNMR) measurements.
11 Using 13 C NMR spectra at 200 MHz spectrometer frequency, we observed a broadening of the resonances corresponding to C1, C3, and C5 at −40°C that were observed to coalesce at −60°C (Fig. 4) . Well defined sharp peaks were observed below −80°C, corresponding to the 4 C 1 conformer, while resonances from the less populated conformer were absent even after prolonged experimental time; a typical behavior for an unequally populated equilibrium.
12,13
The two H3 resonances of 2 were unequally broadened in 1 H NMR spectra below −60°C at 800 MHz spectrometer frequency. The H3 pro-R resonance (axially oriented in the 4 C 1 conformation) was significantly broadened and eventually split up at −95°C, yielding a major and a minor signal (∼5%) at −101°C (Fig. 5) . The conformational exchange rates k ex = k 1 + k −1 , where k 1 and k −1 are the forward and reverse rate constants for the 4 C 1 ⇌ 1 C 4 conformational equilibrium, respectively, were subsequently investigated by NMR line-shape analysis of the H3 resonances, with emphasis on exchange rates and population distribution, and yielded the data reported in Table 3 . The enthalpy and entropy activation barriers were calculated from an Eyring plot 14 15 Thus, the free energy of activation barrier ΔG ‡ for the 3-deoxygenated compound (2), is indeed low, but can be determined by DNMR spectroscopy.
Complementary spectroscopic techniques include optical rotation, which facilitates additional information about conformational preferences. The technique can be used to differentiate anomeric configuration between methyl glycosides and has been applied in conformational studies of oligosaccharides. 16, 17 Additionally, it has been suggested that the extent of a particular chair conformation can be deduced in this way. (Table 2) , is difficult due to the additional 3-C-methyl group in 3 and 4. However, the significantly more negative value of 3 is consistent with the presence of a larger proportion of a 1 C 4 conformation, harmonizing with the NMR-based results ( Table 2) , where the extent of the 4 C 1 conformation is 70% in 3 compared to 90% in 4. It is anticipated that these types of changes in molecular rotation will be able to report on alterations of conformational equilibria and we foresee that NMR studies in the future may be complemented by determination of the molecular rotation. We conclude by noting that, in comparison to the 2-naphthyl β-D-xylopyranoside, stereochemical and substituent modifications at C3 lead to large changes in flexibility and/or conformational equilibria being dependent on the solvent. Notably, the flexibility is increased if the hydroxyl group at C3 is removed, leading to lower steric interactions, or if a C-methyl substituent is added, leading to higher steric interactions, or if the stereochemistry is inverted at the C3 position. The conformational equilibrium of the 3-deoxygenated compound was found to be highly temperature dependent with an almost exclusive 4 C 1 conformation present at −100°C and only a few percent of the 1 C 4 conformation compared to equally populated states at 25°C. Thus, the enthalpy-favored 4 C 1 conformer of compound 2 becomes evident at low temperature and only at high temperature is the 1 C 4 conformer favored in methanol solution as a result of significant entropic contributions to the conformational state. The importance of sugar puckering 19 and the implications of the herein obtained results for glycosyl transferase activity and antiproliferative properties of these compounds is a challenging area for future research where progress recently has been made. 5 
Experimental section
Experimental procedures and analysis protocols were the same as previously described. 
